The land subsidence which occurs at the Larissa Basin (Thessaly Plain, Central Greece) is due to various causes including aquifer system compaction. Deformation maps of high spatial resolution deduced by the Persistent Scattering Interferometry (PSI) technique (using radar scenes from ERS and ENVISAT satellites) for the period 1992-2006 were produced to study the spatial and temporal ground deformation. A developed GIS database (including geological, tectonic, morphological, hydrological, meteorological and watertable variation from wells in the area) offered the possibility of studying in detail the intense subsidence. The PSI based average deformation image clearly shows that subsidence generally takes place inside the Larissa Plain ranging from 5-250 mm. The largest amplitude rates (-25 mm/yr) are observed around the urban area of Larissa City (especially at Gianouli and Nikea villages), while the Larissa City center appears to be relatively stable with a tendency to subside. The rest of the plain regions seem to subside at moderate rates (about 5-10 mm/yr). The surrounding mountainous area is stable, or has slightly been uplifted with respect to the NE located reference point. It was found that there is a correlation between the seasonal water-table variation (deduced from wells data), the seasonal water demand for irrigation associated with specific types of cultivation (cotton fields), the monthly rainfall, and the observed subsidence rate in the rural regions of the Thessaly Plain.
Introduction
Larissa is located at the Eastern Thessaly Plain. Thessaly's total area is about 14.036 km 2 . The Pinios * E-mail: vassilopoulou@geol.uoa.gr
River and its tributaries drain the entire hydrologic basin of Thessaly. It is surrounded by mountainous areas which form its watershed [1] . The Titaros Mt. Internally, the plain is divided by a low-lying hill area into a western part (Trikala-Karditsa) and an eastern part (Larissa) [1] . Summers in Thessaly are usually very hot and dry. Mean annual precipitation over the area is about 700 mm and it is distributed unevenly in space and time.
The mean annual precipitation varies from about 400 mm at the Palin area to more than 1850 mm at the western mountain area [2] . Rainfall is rare from June to August.
The Thessaly Plain is the most productive agricultural region of Greece. The main crops cultivated in the plain area are cotton, wheat and maize, while apple, apricot, cherry, olive trees and grapes are cultivated at the foothills of the eastern mountains. The intense and extensive cultivation has led to the highest water demand in Greece for agricultural use, which is usually fulfilled by the over-exploitation of ground-water resources. Although Pinios River is the third longest river in Greece, only a small part of this demand is covered by the Pinios River, its tributaries, as well as a few small reservoirs and lagoons adjacent of Pinios River [3] . Even though a small part of the population in Greece (about 1%) lives in the Thessaly Area, the water consumption is 18.5% of the total water consumption in Greece, while 95% of the water consumption is for agricultural use [4] .
The increased water demand has been associated with severe extreme and persistent drought episodes in the last decades [2, 5] . The dry conditions resulted in irrigation cutbacks, over-exploitation of ground-water and significant losses of crop fields. The increased water demand resulted in the drilling of a significant number of wells in the Thessaly plain, as well as in the broader area of Larissa.
Land subsidence due to large amounts of water withdrawal from an aquifer has occurred in numerous regions throughout the world and is characterized as a potential risk for subsidence especially in cases where the overlapping surface is a built up area [6, 7] . 
Geological and Tectonic Setting
Larissa Basin is a tectonically active region [11] [12] [13] . Several moderate magnitude earthquakes (M>5) have occurred in the last century. Some of these earthquakes caused damage to a large number of areas while two of them were associated with the reactivation of major Quaternary normal faults and surface ruptures [14] [15] [16] [17] .
On June 9, 2003 Northern Thessaly was shaken by a moderate magnitude earthquake (MS=5.5; NOA). Dozens of buildings in the area of southern (or lower) Mt Olympus were damaged [18] .
The present-day morphology of Thessaly is basically associated with the Neogene tectonic phase caused by the post-orogenic collapse of the External Hellenides [11] . The NE-SW extension (Late Miocene-Early Pleistocene) generated a series of horsts and grabens bordered by NW-SE trending faults (Fig. 1) . The main NW-SE trending basins of Karditsa and Larissa were produced by NW-SE trending normal faults [11] .
After a period of quiescence, a new roughly N-S extension affected the Aegean Region. A new system of normal faults was generated mainly trending E-W to ESE-WNW ( Fig. 1 ), according to Caputo et al (1990) [19] . This deformational phase started during the Middle to Late Pleistocene and is still active as can be deduced by the recent seismicity of the area, e.g. [14, 15] . The majority of these faults form grabens, which cross-cut the older structures and uplift and offset Late Quaternary deposits. The Tyrnavos Fault is one of the major active structures bordering the homonymous basin [19] [20] [21] .
The geological structure is given in the simplified geological map (Fig. 2) , according to Athanassiou (2002) [22] . The plain is covered by a thick (up to 50 m deep) alluvium layer, which is of a Quaternary Lake, which was gradually restricted to the Karla Lake in the SE part. Karla Lake was artificially drained in the 1960s to provide cultivated land [23] . The Quaternary deposits can be distinguished as: Alluvial sediments that cover the Plain of Larissa, Fluvial terraces (Penios river) and Lacustrine deposits. Some Pleistocene fissure fillings occur in 
The Subsidence in the Larissa Plain
During the study of the hydrogeological conditions in the broader area of Larissa from the Greek Institute of Geology and Mineral Exploration [25] , strong land subsidence was observed which was caused by the rapid groundwater over-pumping. The occurrence of the land subsidence and its associated effects during the last years at the Larissa Basin mobilized the local and governmental authorities. Three types of ground deformation have been reported in the Thessaly Plain since 1986, including ground fissures, sinkholes and land subsidence [23] . Numerous fissures opened up across the Thessaly Plain mainly at its eastern part, affecting cultivated land, roads, houses and even the area of the NATO Larissa airport. Most of these fissures had an opening of up to several tens of centimetres, presenting also an expansion rate of up to 30 mm/year. The maximum amplitude of opening took place between August and October, when the ground water pumping was at a maximum and the water table level at a minimum. The observed ground fissures in Thessaly Plain do not represent precursors of oncoming earthquakes and they clearly do not originate from earthquake-related effects; they are simply caused by sediment compaction resulting from rapid groundwater level decline following intensive, uncontrolled water pumping [23] .
Several small-diameter (about 20 cm) sinkholes have also been observed mainly close to irrigation wells. Land subsidence has been reported by Kaplanidis and Fountoulis (1997) [26] from evidence in well casings. However, there was no sign of ground fissures or damages to buildings and roads, indicating a rather uniform subsidence or subsidence with a small gradient deformation.
The mapped important E-W component of ground motion after DInSAR analysis is due to tectonic processes while the data for the Larissa City show clear subsiding trend with periodic behavior which is related to the hydraulics of the aquifer, while the fluctuations become clearer after 1996 [27] [28] [29] . It is noted that the land subsidence due to sediment compaction following fluid withdrawal is a phenomenon which is observed in various areas of the world and has been studied extensively [30] [31] [32] [33] .
Methodology and Data

The PSI InSAR Technique
Deformation maps of the broader area of Larissa were deduced by the PSI InSAR technique using ERS and ENVISAT satellite radar images, ranging from November 1992 to February 2006. The date of the reference satellite image for the analysis of the ground deformation was the February 23, 1997 (Table 1) , while the reference point for the ground deformation study was set at the mountainous area NE of the Larissa City (Fig. 1 ).
Introduction to the Interferometric Point Target Analysis
Interferometric Point Target Analysis (IPTA) is a method used to exploit the temporal and spatial characteristics of interferometric signatures collected from point targets to accurately map surface deformation histories, terrain heights, and relative atmospheric path delays. The use of targets with point like scatter characteristics has the advantage that there is much less geometric decorrelation. This permits phase interpretation even for large baselines above the critical one. Consequently, more image pairs may be included in the analysis. Important advantages of the technique are the potential to find scatterers in low-coherence areas and that interferometric image pairs with large baselines may be included in the analysis. Finding usable points in low-coherence regions fills spatial gaps in the deformation maps while the ability 
Radar Data
While archived data are excellent for the assessment of deformation histories, near real-time monitoring depends on new acquisitions. ENVISAT was operated in the same tracks as the ERS satellites, although at a slightly different carrier frequency, which has a strong influence on across-sensor interferometry. An approach was developed for the integration of ERS and ASAR data into the Interferometric Point Target Analysis [35] . An important advantage of the use of targets with point like scatter characteristics in a SAR interferometric analysis is that coherence is maintained for many scatterers across series including both ERS and ENVISAT data, in spite of the slightly different sensor carrier frequencies. An integration of ERS -ASAR series is very relevant for time monitoring. Furthermore, the accuracy of time monitoring based on a smaller number of ASAR acquisitions can be improved through the integration of additional ERS acquisitions, such as through a better identification of adequate points and through a more accurate estimation of the related point heights. For the Larissa data IPTA processing, a total of 74 scenes (62 ERS and 12 ASAR scenes) were considered in the analysis.
The Larissa data processing was exceptionally challenging for three main reasons. The first reason was that relatively small to medium scale atmospheric distortions were presented in many scenes (this means about 1 km to 20 km horizontal range), especially during summer time. The second reason was the presence of very strong, i.e. up to 5 cm and more, small to medium scale seasonal deformation effects. Furthermore, the spatial coverage of the interferometric information has significant spatial gaps in the agricultural areas around Larissa.
After extensive tests and processing trials, it was decided to base the analysis on the winter/spring data acquired between December and June, only. The reason was the problems with the phase unwrapping for data acquired in summer/fall. These problems are caused by poorly sampled but significant phase gradients caused by a combination of the reasons mentioned in the previous paragraph. For the selected winter/spring times the subsidence was found to be sufficiently uniform in time, excluding the seasonal effects and the strongest atmospheric distortions, so that the phase unwrapping could be reliably resolved. There remains some uncertainty for the smaller and more isolated settlements mainly to the East of Larissa.
The main results of the IPTA processing were the linear component of the deformation rate. The approach used included SLC co-registration to common SAR geometry (taking into account terrain height effects), point list determination from SLC spectral and radiometric characteristics, initial point height estimation using SRTM 3" DEM based heights, refinement of initial baselines from orbit data based on point differential interferograms and height control points derived from reference DEM. The main results of the IPTA analysis consist of refined baselines, improved point heights, linear deformation rates, atmospheric phase corrections, residual phases, quality information, and the point wise time series for the selected winter/spring dates. For further use the results were terrain corrected geocoded, considering point heights, and visualized. Fig. 3 show the strong seasonal effects and the atmospheric effects.
Two characteristic differential interferograms in
GIS Database Management for the broader Area of Thessaly Plain
A large number of various data from different sources, in different format, scale and map projections had to be compiled. The collected information (deformation data deduced by PSI technique, topographical, geological, tectonic, meteorological and hydrological data) was organized in a GIS database using ArcGIS v. 9 & 10 software.
Thematic and synthetic layers in vector format were compiled in a common cartographic system in order to produce maps and diagrams. The database management provided information about the main characteristics of the tectonic, morphotectonic, ground deformation and other features (eg. main fault directions, places of strong ground deformation). Ground deformation interpretation was based on the interpretation of all the thematic layers and maps as well as on the various diagrams which were created. 
A. Geological and Terrain Analysis Data
The Tectonic and Geological map of the area (Fig. 1 &  Fig. 2, respectively) together with terrain analysis layers were created aiming to facilitate the interpretation of the PSI image. A Digital Elevation Model with a resolution of 25 meters (Fig. 1) was produced using the ASTER Figure 4 . Intense morphological slopes with morphological discontinuities around Larissa Plain can be distinguished after the terrain analysis using the software PROANA-II. These data will be used for the statistical analysis in relation to the tectonic data (Fig. 5 ).
GDEM data of the area (a product of METI and NASA) and was used for the terrain analysis data creation. The following maps were made using the "PROANA-II" software (updated version of the "PROANA" [36, 37] ): "Map of Morphological Slopes" which represents the slopes of the terrain classified in regions (0-5%, 5-15%, 15-30%, 30-45%, 45-60%, slopes >60%) as well as the aspect of the slopes (the angles are categorized by 45
• ).
"Map of Discontinuities of Morphological Slopes" which represents the differences in slope more than 10%. "Map of Drainage Network" "Terrain Analysis Map" (synthetic map which includes all the features for terrain analysis, Fig. 4 ) "Shaded Relief" as well as draping thematic maps (geological, tectonic etc) over the DEM produce more realistic images for the analysis and interpretation.
Also, diagrams were produced after statistical analysis of terrain data including rose diagrams of faults (Fig. 5a ), a rose diagram that represents the terrain orientation ( Fig. 5b ) and rose diagrams of morphological discontinuities (Fig. 5c) .
B. Ground Deformation Data
The deformation data, based on the PSI analysis, were also included in the GIS database of the area and the following maps and diagrams were created: A high spatial resolution "Deformation Map" (Fig. 6 ) was created for the broader area of Larissa Plain during 1992 to 2006. The ground deformation velocity (mm/year) was divided into six (6) classes after statistical analysis (-32 to -15 mm/year, -15 to -10 mm/year, -10 to -5 mm/year, -5 to -2 mm/year, -2 to 0 mm/year, 0 to 2 mm/year). The deformation velocity of the vertical motion was studied along characteristic profiles (Fig. 7, Fig. 8 ). The vertical motion for some selective points (Fig. 7) , deduced from the PSI processing, in relation to the time, can be represented on a diagram automatically, using PROANA-II software (Fig. 9 ). These diagrams represent the "Time Series of the Deformation" of each selective point.
C. Meteorological and Hydrogeological Data
Maps based on the hydrogeological data and various diagrams such as: the rainfall for the last years and the seasonal water table variations showing the systematic drop of the water table etc., were produced using the meteorological and hydrogeological data, and will be presented in the following paragraphs.
Terrain Analysis
Interesting results about the tectonics and morphotectonic characteristics of an area can be derived studying the terrain in detail. DEM is the basic feature in the terrain analysis of a region, since it can be used as a base for thematic applications (e.g. geology, volcanology, geophysics, orthorectified satellite images, interferometry), and as a base for production of a great variety of maps relating to the terrain analysis. The DEM of the broader area of Larissa was used as base map, and for the production of the terrain analysis data.
Based on the geological, tectonic and terrain analysis data it is evident that Larissa Basin represents a surface planation (typical plain), which is traversed by the Pinios River. It has a NW-SE direction and extends from the northern to the southern part of the study area, in the central part, while NW-SE faulting zones are the borders of the basin (Fig. 1) . Around the basin and especially at the eastern and northern part, where high mountains surround the plain, the terrain is characterized as rough. Intense morphological slopes with morphological discontinuities of the slopes have been distinguished after terrain analysis (Fig. 4) . The elevation ranges from sea level at the eastern coastal area to more than 1900 m at the eastern and western mountain areas, and the mean elevation of the region is nearly 270 m (Fig. 1) . The mean elevation of the Larissa Basin is about 70 m (Fig. 1) .
For the calculation of the principal directions of the linear features (tectonic and morphological) the ArcGIS software/Rose Diagram ArcScript was used. A main E-W direction as well as the ESE-WNW and SE-NW directions of the faults can be observed in the rosediagram (Fig. 5a) . The main terrain direction is the E-W (similar to the main direction of the faults) but the N-S, NE-SW and SE-NW directions can be observed in the rose diagram too (Fig. 5b) . The main direction of the discontinuities of morphological slopes is also E-W (Fig. 5c) while N-S and other directions can be observed. There is a correlation between the directions of the tectonic data and the terrain. It is noted that the all the data were processed and the lengths of them have been involved for the direction calculation.
Ground Deformation Analysis
Comparing the PSI deformation data with the geological, and terrain data, it is observed that the higher rates of ground subsidence have been measured on the alluvial formations in the Larissa Basin, while small or insignificant land subsidence has occurred on the Alpine formations around the mountainous area.
Analytically, the combination of the PSI deformation data with the geological, tectonic, morphological and hydrogeological data provides the following results:
The largest amplitude rates (-25 mm/year) are basically measured around the urban area of Larissa City, especially at Gianouli and Nikea Villages, along the NW-SE faulting zone which passes through (Fig. 1, Fig. 6,  Fig. 10 ) while the Larissa City appears to be relatively stable with a tendency to subside. NW-SE and E-W faults are the boundaries of the region (Fig. 10) , while thick Alluvial and Quaternary Deposits cover Tyrnavos- Giannouli-Larissa Plain. The plain is characterized by low morphological slopes (0-5%) with a northern aspect of the slopes (Fig. 4) . The rest of the plain regions, which are covered by alluvial, quaternary deposits and neogene lacustrine deposits seem to subside at moderate rates (about 5-10 mm/yr). The surrounding mountainous area which is covered by Alpine formations and intense morphological slopes with morphological discontinuities of the slopes have been distinguished as stable or have been slightly uplifted with respect to the NE located reference point. vertical displacement is presented deduced from the PSI processing. It is evident that systematic subsidence is the predominant feature in the diagrams of the "Time Series of the Deformation", reaching maximum amplitude of about 300 mm (Gianouli area) for a time period of about 14 years. In Fig. 9 some characteristics diagrams are given. The maximum subsidence takes place during the springsummer period while in the winter time the subsidence declines and even slight uplift can be observed. However, the Larissa City appears to be rather stable compared to its northern and eastern suburbs that are nearer to cultivated regions. It is evident that systematic subsidence is the predominant feature in these diagrams, reaching a maximum amplitude of about 300 mm (Gianouli area) for a time period of about 14 years.
Deformation rate was presented along some characteristic profiles of the Larissa Plain (Fig. 7) in order to outline the areas where the largest displacements take place. The variation of the deformation rate along these six (6) profiles is outlined in Fig. 8 . The largest amplitude rate (20-30 mm/year) is observed in the northern (Gianouli area), eastern and south-eastern area of Larissa. Smaller but significant deformation rates (of about 10 mm/year) appear around the Tyrnavos Area, while in the City of Larissa, the subsidence rate is 6-10 mm/year. The deformation rate appears to be diminishing near the edges of the profiles.
As it has been mentioned previously, the observed sediment compaction in the Larissa Plain is due to the excessive water pumping for irrigation purposes, the seasonal water table variation (Fig. 11) , and the declined rate in rainfall during the previous years (Fig. 12) . A systematic drop of the water table is observed during 1980-2006 in all the presented wells (Fig. 7) Fig. 13 . Another factor that has to be considered is the type of cultivation (mainly large cotton fields) in the Thessaly Plain during the last 20 years which demands significantly higher quantities of water during the summer-months period (June-September). The latter correlates well with the study of selective PSI points in Larissa plain (especially in the south-eastern area, at Nikea), showing that subsidence takes place during the late spring-summer period, while uplift usually occurs during fall-winter time (Fig. 9) . The type of vertical motion (uplift and subsidence) is also correlated with the monthly rain in Thessaly Plain, where low and high precipitation is observed in summer and winter months, respectively (Fig. 12) . However, the subsidence rate is much higher than the uplift rate, presenting an overall subsidence during the entire observational period (1992-2006).
Conclusions
Strong ground subsidence in the Larissa Plain has been systematically observed throughout the period that the PSI image covers (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , as has also been reported by previous studies [23, [25] [26] [27] [28] [29] . The compiled GIS database offered the possibility of studying in detail the temporal vertical motion of selective points, in areas of specific interest, and to correlate the observed ground deformation with the specific geological/tectonic characteristics of the Thessaly Plain. Summarizing, the following conclusions may be outlined:
• The PSI image clearly shows that subsidence generally takes place inside the Larissa Plain ranging from 2-330 mm for the observational period (1992-2006).
• There is a correlation between the seasonal water table variation (deduced from wells data, Fig. 11 ), the seasonal water demand for irrigation associated with specific types of cultivation (cotton fields), the monthly rainfall (Fig. 12 ) and the observed subsidence rate in the rural regions of the Thessaly plain (Fig. 6, Fig. 9 ). The majority of the wells are located in the thick sedimentary basin where the higher subsidence rates have been observed.
• The causative effect of the significant land subsidence and the different types of the reported ground fissuring over the Thessaly Plain results from the compaction and consolidation of the loose sediments after the very intensive withdrawal of the continuously declining ground water-table, mainly for irrigation purposes.
• The local tectonic and geological conditions appear to contribute in the occurrence of land subsidence.
It is expected that the ground subsidence will continue in the Thessaly Plain, together with the fissuring in the ground, with impacts in the buildings, utility and local transportation networks. The latter is inferred by the climatological changes (annual precipitation decrease) and the constantly increase of water demand (both for urban and agricultural use). 
